Abstract
Introduction
Time-of-flight transient photocurrent measurements are generally considered very satisfactory for measuring photocarrier motions at relatively short times after photogeneration [1, 2] . This early time regime ends when the photocarriers are "deep trapped," [3, 4] and no single procedure is widely accepted for probing photo carrier motion at longer times. Transient photoconductivity measurements with large electrode gaps are sensitive to motions in this time regime [2, 5] . However, photo carrier transit across the gap is not usually reported, and as a consequence the interpretation of such measurements is more ambiguous than time-of-flight measurements.
An alternative is to examine the post-transit photocurrent in conventional time-of-flight measurements [6] . In principle the relatively small density of carriers which were deep trapped while traversing the specimen yields an emission current as the carriers are subsequently released. This technique is somewhat difficult to practice. First, only a small fraction of the initially generated photo carriers can be utilized to probe deep traps, which reduces the sensitivity of the method. Second, one must be confident that the majority of carriers which have completed their transit do not subsequently cause small photo currents which compete with emission; in practice, a boundary region of non-zero size may exist through which photocarriers continue to move following their nominal transit.
In this paper we present a preliminary evaluation of a delayed field technique which may offer significant advantages over post-transit methods. Delayed field methods have been used previously to explore deep-trapping [7] and recombination [8, 9, 10] ; here we use the method to explore re-emission from deep traps. We employed the same specimens used for time-of-flight measurements [4] . First, a weakly absorbed laser flash generates electron and hole photo carriers uniformly throughout the specimen; the bias voltage is zero. These carriers are allowed to thermalize sufficiently long that they are "deep-trapped;" in a-Si:H this occurs within 20 fLs or less [3, 4, 5] . A voltage is then applied which is sufficiently large that, when carriers are re-emitted from the traps, they traverse the specimen without being deep trapped a second time.
In Fig. 1 we have presented typical charge transients measured with this technique; the charge is simply the time integral of the current flowing in the voltage bias circuit [5] . The lower curve illustrates the charge obserVed following application and subsequent removal of the bias voltage; the laser flash was blocked for this measurement. increase occurring before application of the voltage reveals the arrival of the 18$er flash; this "photocharge" is due to internal :6.elds originating with the specimen electrodes [4, 11] . The photocharge increases more rapidly once the voltage is applied; this photocharge can be related to the emission of carners from deep traps. This delayed :6.eld technique is potentially useful both for exploring the deep trap density of states and also for examining photocarrier thermalization processes. In this paper we :first describe a simpli:6.ed theory for the delayed :6.eld technique. We present measurements of the transient photocurrent and photocharge after application of the :6.eld, including the effects of the magnitude of the :6.eld and of the delay time. The measurements appear to agree adequately with the theory.
Theory of Delayed Field Photocurrent Transients
At the time t = ,0 when the :6.eld is applied we denote the distribution of photocarners in traps as N(td,E), where td is the delay time between a photogeneration impulse (at t = -td) and e is the energy' of the trap referenced to the transport edge. For sufficiently large bias voltage applied across the specimen carners which are re-emitted after the voltage is applied will not be retrapped, but will instead transit the specimen. Thus the density of carners trapped at each energy' decays exponentially:
N(t,E,td) = -N(E,td)exp(-r(E)t)
where the emission rate r(E) will be assumed to have the conventional form:
Now consider the demarcation energy de:6.ned by:
ED(t) = -kBTln(vt).
Inspection of equation (1) suggests the following approximation:
N(t, E, td) = 0 E> ED(t).
(
This approximation should be very good; the time dependence in eq. (1) has the form of a exponential with a second exponential as its argument. U sing this approximation, we obtain the following form for the density of photo carriers remaining in the sample at time t:
The emission limited current i(t) is proportional to the time derivative of N(t, td):
where V is the volume of specimen between the collecting electrodes and e is the electronic charge. The factor 2 occurs because the mean position of a trapped carrier is midway between the electrodes [4] . The derivative appearing in this equation takes the following important form:
An emission limited current thus measures the distribution of trapped photo carriers N(E, td ) [12] . This function is determined by the thermalization of carriers in the density of states which occurred prior to the application of the field, and is thus a sensitive test for such thermalization models.
Experimental
The specimens used in these, studies were undoped hydrogenated amorphous silicon deposited using conventional plasma deposition techniques. The specimen were deposited onto Corning 7059 glass substrates and configured in a sandwich geometry with semitransparent chromium blocking electrodes thermally evaporated in vacuum. The photoexcitation was done by using a nitrogen-laser-pumped dye laser (3 ns) operated at 680 nm. The acquisition, averaging and storage of the data were done by using a 125 MHz bandwidth digital oscilloscope. All measurement were performed in ambient conditions. We first studied the magnitude of the charge emitted as a function of the applied voltage. The purpose of these measurements was to determine whether a voltage range existed for which the transient photo charge was in fact "emission-limited." In Fig. 2 we show the photocharge measured 50 /LS after application of the voltage as a function of voltage; the field was delayed by 200 /Ls from the initial laser pulse. The photo charge was determined by subtracting the charge transients measured with and without illumination (the two transients in Fig. 1 ).
We first discuss the voltage-independent regime in these data found for V > 5 V. This regime is expected when each re-emitted carrier is promptly collected at the electrodes, and corresponds to "emission-limitation." For lower voltages a carrier is re-trapped before it can reach an electrode, and consequently the photo current and photocharge become Ohmic. The photo charge at V = 0 V is due to internal fields in the structure.
The low voltage rise of these data can be used to estimate the deep-trapping mobilitylifetime product using the standard Hecht procedure to analyze the data [4, 13] ; however, in the present circumstance the high-voltage photocharge does not correspond to complete collection of the entire photogenerated charge in the specimen. In the inset of the figure we illustrate how the resulting mobility-lifetime product /LT •• t depended on the delay time; ta < 0 corresponds to the standard charge collection experiment [4, 13] . It is evident that essentially the same result is obtained for p.r.,t using either procedure. These results also confirm that the hole contribution to the measured photocharge was negligible [4] .
The results in Fig. 2 confirm that the currents measured in our time regime for V > 5 V are emission limited. In Fig. 3 we have presented the emission limited currents measured for three delay times.
Discussion
The emission limited photocurrents of Fig. 3 measured following application of the voltage can be used to estimate the distribution of the photo charge in traps N(E, ta) which is "frozen in" when the voltage is applied. From equations (7) and (8) above we have: (9) In Fig. 4 we have graphed in the upper section the product i(t) . t as a function of ED = kBTln(vt)j we arbitrarily chose v = 10 12 Hz. The resulting curves estimate the distribution of carriers in traps N(E, ta) at the time at which the field is applied.
These data appear to be in qualitative agreement with thermalization effects for a deep trap distribution. i(t). t estimates the distribution N(E, tal, which may be viewed as a product of an effective density of traps geE) and a thermalization function feE, t a) (the probability that a trap at E is occupied by a photo carrier ta following photogeneration). We assume for simplicity that the coefficient bt describing the rate nbt of capture of density n of mobile photo carriers onto individual traps is constant.
Although the thermalization function feE, ta) itself is not known a priori, a sensible and conventional approximation is to assume that it is constant for E > kBTln(vta), and rapidly falls to zero for shallower traps. At the bottom of Fig. 4 we have schematically indicated such thermalization functions for the three delay times. This approximation increasing trap energies. This is anticipated; most of the density of deep traps actually lies below the measured region. Transient photo charge measurements [5] , and modulated photocurrent measurements [14] both suggest a typical deep-trap depth of 0.6 eV in a-Si:H. We now discuss the measurements with larger delay times in Fig. 4 . We have sketched the anticipated behavior of feE, td) for the three delay times at the bottom of the figure; we used a Fermi-Dirac form, although we do not expect this form to give a quantitative description for feE, td). The origin of the falloff in the emission limited current as the delay time was increased seems clear: there are relatively few carriers trapped in shallow traps at longer delay times. We also anticipate that the density of deeply trapped carriers should be essentially the same for all three delay times, since only a fairly small fraction of the photocarriers are redistributing from shallow into deeper traps. This expectation is reflected in the constant value of feE, td) for all delay times for sufficiently large E.
This anticipated congruence is not completely clear from the measurements, but seems reasonably consistent with them. Finally, the curves measured for the three delay times seem closer together than expected based on the thermalization picture presented at the bottom. This disagreement may reflect the crudity of the Fermi-Dirac approximation for feE, td), or alternatively it may reflect a breakdown of the assumptions governing emission limitation. In particular we assumed above that the probability of occupancy of a single trap decays exponentially following application of the field; lattice relaxation effects in particular might cause this assumption to fail. 
